Contributing factors in the regulation of triglyceride deposition in and fatty acid release from bovine adipose tissue were investigated. Six Holstein steers were fasted for 9 days and then refed for 41 days. Blood samples from the jugular vein and adipose tissue samples from backfat biopsies were taken during fasting and refeeding periods. Concentrations of plasma free fatty acids, glycerol and cholesterol and activity of lipoprotein lipase in adipose tissue from fasted and refed steers were measured. Plasma free fatty acid concentration increased almost eightfold during fasting. After 4 days of refeeding, free fatty acids in plasma had returned to basal concentration. Fasting had no effect on plasma cholesterol concentration; during refeeding, concentration decreased slightly and then returned to the basal concentration. Lipoprotein lipase activity decreased to 37% of the basal concentration during fasting and increased to 100% above prefasting values during refeeding. Significant changes in plasma free fatty acid and glycerol concentrations and in activity of lipoprotein lipase in adipose tissue during fasting and refeeding suggest that fatty acid mobilization and triglyceride uptake by 
Introduction
It is well established that fasting markedly increases free fatty acid and glycerol concentrations in blood plasma (Newsholme and Start, 1973) and decreases lipoprotein lipase activity in adipose tissue (Schotz and Garfinkel, 1972; Robinson et al., 1975) of monogastric animals. In many studies, fasting has increased cholesterol concentrations in the plasma of monogastric animals (Bailey and Butler, 1967; Cayen, 1969; Baetz and Pearson, 1972 ; Klauda and Zilversmit, 1974; Subbiah and Connelly, 1976) , whereas in others, the opposite effects have been observed (Saarinen and Shaw, 1950; Stufflebeam, 1964) . The effects of fasting of ruminants on plasma free fatty acids, glycerol and cholesterol and on adipose tissue lipoprotein lipase are not well characterized. Pothoven and Beitz (1975) showed that free fatty acid concentrations in the plasma of steers fasted for 8 days increased by 350% and returned to normal 4 days after refeeding began. Fasting significantly increased plasma glycerol in lactating dairy cows (Baird et al., 1977) . Both plasma free fatty acids and glycerol concentrations increased significantly in sheep fasted for 6 days; these higher concentrations probably resulted from increased lipolysis in adipose tissue (Jarrett et al., 1976 This study was undertaken to monitor changes in concentrations of free fatty acids, glycerol and cholesterol in plasma and in the activity of lipoprotein lipase in adipose tissue of steers that are fed, fasted and then refed. Measurements of these metabolite concentrations in blood plasma and of activity of adipose tissue lipoprotein lipase were made so that the metabolic adaptation of adipose tissue of ruminants to altered feed intakes might be more fully understood.
Materials and Methods
Experimental Animals. Six Holstein steers weighing an average of 670 kg (630 kg to 725 kg) were housed indoors in unbedded tie-stalls. Steers were acclimated to their environment and to the diet for 2 weeks before blood and tissue samplings were begun. Before fasting and during refeeding, steers were fed a diet of grain mixture plus corn silage (table 1). Steers were fasted for 9 days and then were refed. During fasting, steers received ad libitum salt and water only. After the fasting period, feed intake was increased gradually until approximately day 7 of the refeeding period, when ad libitum feeding was reached. Ad libitum feeding was continued until slaughter.
Blood and Tissue Sampling.
A 20-to 30-ml blood sample was taken from the jugular vein of each steer once before fasting, three times during fasting and four times during refeeding, according to the schedule indicated in table 2. A final sample was obtained at slaughter, 52 days after the start of the study. aSampling days within each period were randomly assigned to each steer. Day 4 was first day of fasting period.
Plasma was separated from EDTA-treated blood and stored at 20 C until analyzed.
Eight biopsy samples were taken from the subcutaneous adipose tissueoverthe longissimus muscle in the rib area on the same days that blood was sampled (table 2) . Samples were taken alternatively from each side, from front to rear. The skin around the incision site was shaved, disinfected and anesthetized with a 20-ml subcutaneous injection of anesthetic s.
The anesthetic, at estimated physiological concentrations, had no effect on in vitro assays.
A linear 9-cm incision was made approximately 5 to 6 cm lateral to the midline to expose the subcutaneous adipose tissue. A sample of approximately 1 g of adipose tissue was chilled immediatly in .15 M KC1 at O C and then stored at -20 C for up to 3 weeks. This sample was analyzed for lipoprotein lipase activity, which did not change during storage.
Plasma Analyses. Free fatty acid concentration was determined in triplicate by a colorimetric method described by Smith (1975) . Glycerol concentration was determined in duplicate by modifications of the enzymatic method of Garland and Randle (1962) . The modifications were that: (1) plasma was not deproteinized, because it was unnecessary; (2) reaction time was extended to 6 rain, and (3) a sample containing no glycerokinase (EC 2.7.1.3) 6 was used as a control. Cholesterol concentration was determined in duplicate by the method of Block et al. (1965) . Tissue Lipoprotein Lipase Activity Determination. Activity of lipoprotein lipase in subcutaneous adipose tissue was determined by modifications of the methods of Krauss et al. (1973) and Rao and Hawkins (1976) . The modifications were as follows: (1) a weighed amount of frozen tissue was cut into small pieces, placed in 5 volumes of cold .15 M KC1 and homogenized ~ at high speed for 1 rain; (2) substrate was prepared by sonification of 100 mg of triolein 8 in 12 ml of .194 M Tris-HC1 plus .15 M NaCI buffer, pH 8.6, containing .05% Triton X-1008 and 200 mg of bovine S Lidocaine hydrochloride, Astra Pharmaceutical Products, Inc., Worcester, MA.
Boehringer Mannheim Biochemicals, Indianapolis, IN.
7Virtis Model 45, The Virtis Co., Inc., Gardineer, NY.
8 Sigma Chemical Co., St. Louis, MO.
serum albumin (fraction V) 5, and was "activated" by incubation for 30 min at 37 C with .1 part of freshly prepared calf serum; (3) the assay mixture was incubated at 37 C for 90 min in a metabolic shaker, and (4) the free fatty acids released were assayed by the method of Smith (1975) .
Statistical Analyses. Data were analyzed as a randomized block design in which steers represented blocks and periods represented the effect of time (Snedecor and Cochran, 1967) . A period refersto 3 consecutive sampling days, as indicated in table 2. Sums of squares for period effects were partitioned into comparisons representing the effects of feeding and fasting and representing prefasting and refeeding concentrations of plasma free fatty acids, glycerol and cholesterol and activity of adipose tissue lipoprotein lipase.
Results and Discussion
Changes in free fatty acid concentration of blood plasma during fasting and refeeding are shown in figure 1. The concentration of free fatty acids in plasma increased (P<.05)during the fasting period. The maximum concentration (about 1.05 mM) was attained after about 6 days of fasting; this concentration is similar to that previously observed in our laboratory in a study with fasted Brown Swiss steers (Pothoven and Beitz, 1975) . One-half the maximal value was attained after 3 days of fasting and after 3 days of refeeding; the refeeding period necessary to decrease to basal or prefasting concentration was about 8 days. The concentrations of free fatty acids in "fed'Holstein steers (days 1, 2 and 3) averaged .13 mM, whereas in a previous study with Brown Swiss steers, the concentration had been about .25 mM (Pothoven and Beitz, 1975) .
The magnitude of the increase in free fatty acid concentrations in fasted steers was greater than that observed in other mammalian species fasted for similar lengths of time. We observed an eightfold increase in the fasted steers, compared with reported increases of 2.5-fold in ponies (Baetz and Pearson, 1972) , twofold in rats (Newsholme and Start, 1973) , 4.5-fold in pigs (O'Hea and Leveille, 1969) and sixfold in humans (Newsholme and Start, 1973) . Reasons for the differences between species are complex and unclear.
Concurrent with the increased release of fatty acids from adipose tissue to plasma is an Figure 1 . Effect of fasting and refeeding on plasma free fatty acid concentration. Each data point is the mean • SEM of the concentration of free fatty acids in plasma from six steers taken on 3 consecutive sampling days (two steers/day). increased release of glycerol (figure 2). If the half-life of plasma free fatty acids and glycerol are within an order of magnitude, the expected increases in glycerol release from adipose tissue should be reflected in increased plasma glycerol, as well as free fatty acids, during fasting periods. This concept is supported by a positive (r = .50) correlation between plasma free fatty acids and glycerol during the fasting period. Fasting and refeeding affected (P<.05) the plasma glycerol concentration; concentration increased from a basal value of 78/aM to a maximal level of 110 /aM during the fasting period. As with plasma free fatty acids, about 3 days were necessary for one-half the maximal concentration of plasma glycerol to be reached. The greater-thanbasal concentration of glycerol at slaughter was caused by physical stresses of handling before blood sample collection.
The increased plasma glycerol during the fast is indicative of increased lipolysis in adipose tissue, which does not have the metabolic capacity to reuse the glycerol released during lipolysis (Hood et al., 1972, Martin and Wilson, 1974; Ryall and Goidrick, 1977) . The basal concentration of plasma glycerol in sheep is 30 /aM (Jarrett et al., 1976) , less than 50% of that observed in our cattle. In the study by Jarrett et al. (1976) , a 6-day fast of sheep caused a 2.5-fold increase in plasma glycerol concentration, whereas in this study, a 9-day fast of dairy steers caused only a 1.4-fold increase. The fact that glycerol concentrations returned to basal levels more slowly than free fatty acid concentrations did suggests either that reesterification rates in adipose tissue adapt more rapidly to refeeding than does lipolysis or that refeeding markedly reduces turnover of plasma glycerol.
The ratio of free fatty acids to glycerol in plasma increased from a prefast value of 1.7:1.0 to 8.9:1.0 after 9 days of fasting. The ratio had returned to the prefast value by 9 days of refeeding. At least three mechanisms may explain the change from a ratio of less than the theoretical ratio of 3 in plasma of fed animals to a ratio greater than 3 during fasting. First, the fraction of intraadipocyte fatty acids that become reesterified to reform triglycerides decreases as fasting advances. Second, as lipolysis is stimulated during the fast, the fraction of intraadipocyte triglycerides that are incompletely hydrolyzed increases. Etherton et al. (1977) and Yang and Baldwin (1973) concluded that partial hydrolysis of intracellular triglycerides explained the greater-than-3 ratio of free fatty acids to glycerol released in vitro by slices and isolated fat cells of bovine adipose tissue, respectively. The greater fraction of incompletely hydrolyzed triglycerides then would effect a conservatory mechanism for glyceride-glycerol in adipose tissue during dietary energy deficits. Third, the increased ratio during fasting may be caused by greater increases in rates of clearance of glycerol than of free fatty acids from plasma by extraadipose tissue because of the need of the glycerol for gluconeogenesis (Young, 1977) .
Cholesterol concentrations in plasma taken from steers during fasting and refeeding are shown in figure 3 . Prefasting concentrations were similar to those observed in Holstein heifers of similar age (Arave et al., 1975) . Neither fasting nor refeeding had an effect (P>.05) on plasma cholesterol concentrations.
The averag e concentration of plasma cholesterol observed during refeeding, however, was about 10% lower than those observed during the prefasting and the fasting periods. During refeeding, the concentration of plasma cholesterol decreased for at least 24 days. Thereafter, the concentration increased, attaining a concentration after 41 days of refeeding that was not different (P<.05) from the prefasting concentration.
The effect of fasting on plasma cholesterol in ruminants is not consistent, because other studies with dairy cattle (Saarinen and Shaw, 1950; Stufflebeam, 1964) have shown that fasting decreases plasma cholesterol concentrations. Futhermore, fasting has been shown to increase plasma cholesterol concentrations in ponies (Baetz and Pearson, 1972) , white Carneau pigeons (Subbiab and Connelly, 1976) and rabbits (Klauda and Zilversmit, 1974) .
The influence of fasting and refeeding steers on activity of lipoprotein lipase in adipose tissue is depicted in figure 4 . Differences (P<.05) in activities of lipoprotein lipase were observed between fed and fasted and between fed and refed cattle. Activity of lipoprotein lipase decreased to 37% of basal activity after 6 days of fasting and remained depressed until at least 3 days after the start of refeeding. Six days of refeeding were necessary for the animals to regain the basal activity.
Data presented in figure 4 indicate that steers adapted to an energy deficit situation by reducing their capacity for deposition of blood triglycerides in adipose tissue. This observation is similar to that reported in a study of lambs (Haugebak et aL, 1974) in which lipoprotein lipase activity of subcutaneous tissue of animals fed at maintanance was low or nondetectable. When the maintenance-fed iambs were switched to ad libitum diets, the activity of lipoprotein lipase in adipose tissue increased markedly and paralleled the increase in quantity of carcass tissue.
During the refeeding period, the activity of lipoprotein lipase in adipose tissue of the steers continued to increase, attaining a rate that was approximately 100% greater than the prefasting basal activity after 24 days of refeeding. This "overshoot" also has been observed in other animal species (Newsholme and Start, 1973) . On the basis of work with nonruminants, the increased activity during refeeding is caused partly by the increased plasma insulin concentration (Robinson et aL, 1975) , partly by the decreased plasma catecholamines, ACTH, glucagon and TSH (Robinson and Wing, 1970) and in part by the decreased plasma free fatty acids that inhibit lipoprotein lipase in vitro (Nikkila and Pykalisto, 1968) . Consequently, changes in the concentrations of insulin and of catecholamines, ACTH, glucagon and TSH in plasma opposite to the changes observed during refeeding probably contributed to the decrease in lipoprotein lipase activity of adipose tissue during the fasting period. The absence of significant correlations of cholesterol concentrations in plasma with free fatty acids in plasma and with lipoprotein lipase activity in adipose tissue from fasted and refed steers suggests that the amount of cholesterol that may be transferred along with fatty acid molecules in and out of fat cells of adipose tissue is not sufficient to control significantly the concentration of cholesterol in plasma. Therefore, an important role of adipose tissue in the short-term regulation of plasma cholesterol concentration is not indicated.
In several speciesof animals, rates of lipolysis in adipose tissue and of hydrolysis of plasma triglycerides by lipoprotein lipase in adipose tissue vary in a reciprocal manner (Steinberg and Khoo, 1977) . Data in figure 4 , in comparison with those in figure 1 , suggest a similar inverse relationship in cattle. Plasma free fatty acid concentration (indicative of lipolysis in adipose tissue) and adipose tissue lipoprotein lipase activity (indicative of triglyceride uptake by adipose tissue) are negatively correlated; a correlation coefficient of -.47 was observed for means over all periods among all steers.
